Restriction endonuclease analysis of the DNA extracted orfvirus strain NZ2, which had been serially passaged in primary bovine testis cells, revealed a population of variants that had over-grown the wild-type virus. At least three distinct mutant forms were identified in which the right end of the genome had been duplicated and translocated to the left end, accompanied by deletions of sequences at the left end. Sequencing of a single variant isolated from the heterogeneous population revealed that recombination had occurred between non-homologous sequences. In this case, 6-6 kb of DNA at the left end of the genome had been replaced by 19-3 kb from the right end. The transposition resulted in the deletion at the left end of 3.3 kb of DNA encoding three genes and the terminal sequence of a fourth gene. The three genes completely deleted were a homologue of dUTPase, a gene that encodes a protein containing ankyrin-like repeats and a homologue of the 5K gene of the vaccinia virus WR strain. Experimental inoculation of sheep showed that the genes are also non-essential in vivo, but that the size of the lesion was reduced, compared with that induced by the wild-type, and resolved more rapidly.
Introduction
Members of the poxvirus family are large complex viruses that contain a linear dsDNA genome (Matthews, 1982; Francki et al., 1991) . In general, genes required for the essential functions of viral replication and growth are located in the central region of the genome, whereas genes which play a role in host specificity, pathogenesis and virulence, and which are not required for growth in cell culture, are located in the termini (Turner & Moyer, 1990; Buller & Palumbo, 1991) .
Rearrangement of the terminal sequences by duplication, transposition and deletion has been observed in a number of poxviruses. These processes may provide a mechanism for rapid evolution and enable the virus to adapt to changing circumstances in the host (Turner & Moyer, 1990) . This phenomenon was first observed in the orthopoxviruses monkeypox virus (Esposito et al., 1981) , cowpox virus (Pickup et al., 1984) , rabbitpox virus and vaccinia virus (Kotwal & Moss, 1988) , and the variants were * Author for correspondence. Fax +64 3 479 2261. e-mail steve@sanger.otago.ac.nz ~ Present address: CSIRO Division of Wildlife and Ecology, PO Box 84, Lyneham, ACT 2602, Australia.
distinguished by a white pock phenotype when propagated on the chorio-allantoic membranes of embryonated eggs. Molecular analysis of these mutants showed that extensive regions from either end of the genome were transposed to the opposite end to replace the original sequences which were, as a consequence, deleted from that locus. This type of rearrangement was shown to occur at high frequency and the recombinational events leading to the changes occurred between non-homologous sequences.
Off virus (OV) is a parapoxvirus which infects sheep, goats and humans. We are characterizing the genetic structure of OV strain NZ2 (OV-NZ2), which was isolated from a sheep in New Zealand (Robinson et al., 1982) . The genome is approximately 139 kb and contains an inverted terminal repetition (ITR) of 3.2 kb . We have shown by DNA sequencing and transcript mapping that the termini of OV encode predominantly early genes, most of which have homologues in vaccinia virus but are of unknown function (Mercer et al., 1989; Fraser et at., 1990; Fleming et al., 1991 Fleming et al., , 1992 Lyttle et al., 1994; Sullivan et al., 1994 Sullivan et al., , 1995 Sullivan, 1994) We now report the occurrence of spontaneous terminal transposition-deletion variants of OV NZ2 that emerged during serial passage in bovine testis cells. 
M e t h o d s
Cells and viruses. The OV strain used in these experiments was NZ2 (Robinson et al., 1982; Mercer et al., 1987) . The virus was isolated from sheep and propagated in bovine testis cells (Balassu & Robinson, 1987) . Virions were purified in sodium diatrizoate gradients (Robinson et al., 1982) . OV DNA was isolated from virions in guanidine.HCl-CsC1 gradients following protease-SDS treatment . Virus titres were determined by plaquing in bovine testis cells overlaid with agarose (Balassu & Robinson, 1987) .
DNA manipulations. The techniques for viral DNA extraction, restriction endonuclease digestion, gel electrophoresis, cloning, transfer of DNA to nitrocellulose membranes, radiolabelling of DNA, DNA hybridizations and autoradiography were described by Mercer et al. (1987) .
DNA sequencing and analysis. Double-stranded DNA templates were prepared and sequenced using procedures recommended by Applied Biosystems (ABI). Reagents used for sequencing were supplied by ABI and the products of the sequencing reactions analysed using an ABI model 373A sequencing system.
Results and Discussion
Analysis of the DNA of serially passaged 0 V NZ2 by restriction fragment mapping Analysis of the restriction fragment patterns of OV NZ2, which had been serially passaged in bovine testis cells over a 10 year period, revealed striking differences compared with the wild-type (wt) virus (Fig. 1 a) these differences were observed in the restriction fragments which mapped within the terminal regions of the wt genome. In addition, unique restriction fragments were found in the high passage OV D N A which were not present in the wt.
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Analysis of KpnI digests showed that fragments K and E, which are present at molar ratios in the genome of wt virus, appeared to be over-represented in the serially passaged OV. The two KpnI fragments H and G, which comigrate and appear as a twice molar band in the wt virus, were detected as a single molar band in the high passage OV. Two faint bands, corresponding to unique fragments of 7-9 kb and 6-3 kb were also observed in the KpnI digests of the high passage OV. Although the 7"9 kb fragment is not visible in Fig. 1 (a), its position has been indicated on this figure, as it was visible on the original photographic image of this gel. Furthermore, this fragment was detected by Southern analysis, as described below. Analysis of BamHI digests revealed a unique 18 kb fragment in the high passage OV. We did not detect BamHI-E in this analysis and BamHI-G was present in submolar amounts. EcoRI fragments C and F, which are present at one molar ratios in the wt virus, also appeared to be over-represented in the serially passaged OV.
We deduced from these data, in conjunction with the restriction endonuclease maps of OV-NZ2 ( Fig. 2) , that a large region of DNA at the right end of the viral genome was duplicated in the high passage OV DNA. The data also indicated that the region duplicated extends from a site spanned by KpnI-J or EcoRI-E to the terminus (see Fig. 2 ), because these fragments are present in the high passage OV in molar ratios, but are contiguous with fragments KpnI-K and EcoRI-F respectively, which appear as twice molar bands. We inferred that the region duplicated at the right end had been transposed to the left end, replacing part or all of the BamHI-E fragment, which could not be detected. In this respect, our observations suggested that terminal rearrangements analogous to those described for the orthopoxvirus white pock mutants had occurred. In addition to the changes described above, the high passage OV DNA appears to be missing a fragment corresponding to the KpnI-I fragment of the wt virus, and instead there is a slower migrating band. This suggests that changes may have also taken place within the central region of the genome; however, differences in the sizes of BamHI fragments C, D and F, which also map within this region (Fig. 2) , were not seen.
We conducted a Southern blot analysis of the restriction fragments in agarose gels to determine the nature of the rearrangements. We predicted that the region duplicated at the right end of the high passage OV genome had fused with the left end and that the sequences involved in the recombination events were derived from KpnI-J (right end) and mainly BamHI-G (left end). We also predicted that the unique fragments that were observed in restriction digests of the variant DNA had arisen as a result of these recombination events and that these fragments would contain sequences derived from both KpnI-J and BamHI-G. To show that this was the case, we probed replicate blots of the restriction fragments separated by gel electrophoresis (Fig. 1 a) with 32P-labelled KpnI-J and BamHI-G fragments (Fig. 1 b) . In addition to detecting the predicted fragments, the probes also hybridized to unique fragments in all digests of the variant population. KpnI-J and BamHI-G hybridized with three unique KpnI fragments of 6-3 kb, 7.9 kb and 8.6 kb. These fragments in all probability correspond to three unique recombination events and hence were derived from three variants of OV NZ2. In addition, KpnI-J and BamHI-G both hybridized to a unique 18 kb BamHI fragment and KpnI-J detected a unique 35 kb EcoRI fragment.
These results supported the conclusion that recombination had occurred within BamHI-G, and suggested that the sequence to the left of BamHI-G had been replaced by sequence from the opposite end of the genome. If this interpretation was correct, then the portion of BamHI-E not represented in the ITR would be deleted in the variants. To prove this, a blot identical to those described above was probed with BamHI-E', a subfragment derived from BamHI-E (Fig. 2) . This probe spans a region from the terminal inverted repetition to the BamHI-E/G junction and hybridized strongly to the BamHI-E fragment of the parent virus, but not to any fragments in the variant population (Fig. 1 b) .
These results showed that there were at least two and possibly three variants present in the high passage OV material. In all cases, a recombinational event had occurred at the left end of the genome within BamHI-G, or possibly within BamHI-E itself, near the BamHI-E/G junction, giving rise to unique fragments which hybridized to the probes derived from opposite ends of the parent genome, namely KpnI-J and BamHI-G. These variants were shown not to contain sequence from the unique region of BamHI-E.
Characterization of an 0 V NZ-2 variant
A variant was isolated from the high passage material by plaque purification. Restriction endonuclease analysis of genomic DNA produced electrophoretic profiles similar to those observed for the heterogeneous population. However, in this case submolar bands were not present and only one unique fragment was detected in each restriction digest of the high passage OV DNA. These unique fragments were a 6.3 kb KpnI fragment, an 18.2 kb BamHI fragment and a 28.5 kb HindIII fragment (Fig. 3a) . A unique high molecular mass EcoRI fragment, although predicted, was not detected, as it was thought to have comigrated with EcoRI-A. BamHI fragments E and G were both missing from the variant and KpnI fragments G and H, which comigrate and appear as a twice molar band in the parent, were replaced with a one molar band in the variant.
As expected, Southern blot analysis showed that the unique restriction fragments 6"3 kb KpnI, 18.2 kb BamHI and 28.5kb HindIII detected in the agarose gels hybridized with the 32P-labelled BamHI-G and KpnI-J probes (Fig. 3b) .
We deduced that the variant had arisen via a recombination event within BamHI-G, since we could not detect a fragment of this size in ethidium bromide stained gels but Southern blot hybridization revealed unique restriction fragments which hybridized with a BamHI-G probe. We also deduced from Southern blotting that the unique region of BamHI-E, that is BamHI-E' (Fig. 2) , was deleted in the variant (Fig. 1 b) . It thus seemed likely that the region duplicated at the right end of the variant genome, that is the region that extends from a site within KpnI-J to the right end terminus, was transposed to the left end, replacing the entire sequence at the left end that extends from a site within BamHI-G to the left end terminus. We predicted that if the remainder of the BamHI-G region that is present within the 6-3 kb KpnI fragment was partially sequenced, beginning from a site equivalent to the BamHI-G/B junction of the wt, and compared to the actual sequence of BamHI-G (Sullivan, 1994) , then the site of recombination would be indicated by the point at which the sequences diverged. Furthermore, we predicted that the divergent sequence would correspond to sequence within KpnI-J.
The BamHI-G region present within the 6'3 kb KpnI fragment was partially sequenced in a stepwise manner, using oligonucleotides based on the BamHI-G sequence. The point of divergence between the sequence of the parent virus and the variant occurred at a site 1405 nucleotides (nt) to the left of the BamHI-G/B junction. We also showed that the divergent sequence indeed corresponded to sequence within KpnI-J. From this data, we were able to deduce that 3307 bp were deleted from the left end of the variant. This represented 690 bp deleted from BamHI-G (GenBank accession no. U34774), that is the region from the point of divergence to the BamHI-E/G junction, and 2617 bp from BamHI-E (GenBank accession no. ORFPRTS), that is the unique region of BamHI-E (Fraser et al., 1990) . The region of BamHI-E that lies within the ITR was not deleted since it is also present at the right end and was duplicated and transposed to the left end of the variant. The site of recombination corresponds to a position 6 nt upstream from the translation stop codon of open reading frame G2 (Sullivan, 1994) . As a consequence, open reading frame G2 has increased in length from 1254 nt to 1272 nt, a net gain of four codons.
A restriction endonuclease cleavage site map for the variant, was constructed from the above data and is shown in Fig. 4 .
Analysis of the KpnI-J and BamHI-G sequences involved in and in close proximity to the site of recombination did not reveal homologous sequences (Fig. 5) . We conclude that this variant resulted from a spontaneous non-homologous recombination event, similar to the recombination events described for transposition deletion mutants of cowpox virus (Pickup et al., 1984) 
Non-essential genes and pathogenesis
The deleted sequence encodes three early genes, E2L formerly ORF-1 (Fraser et al., 1990; Fleming et al., 1992) , E3L formerly ORF-PP (Mercer et al., 1989; Fleming et al., 1992) , and G1L (Sullivan et al., 1995) (Fig. 6) . Early genes are transcribed before DNA replication. Transcripts corresponding to each of these genes have previously been detected in total early RNA isolated from cells infected with the parent virus in the presence of cycloheximide Sullivan et al., 1995) , but were not detected in early RNA derived from the variant (data not shown).
E2L (Fraser et al., 1990) , which encodes a polypeptide of 6"8 kDa, shows strong homology to a gene encoding a 5 kDa polypeptide of unknown function in the vaccinia virus WR strain (A. A. Mercer, unpublished data) . This gene is not present in the Copenhagen strain of vaccinia virus (Goebel et al., 1990) .
E3L contains significant amino acid homology to domains identified in a number of retroviruses and was initially described as a pseudo-protease (Mercer et al., 1989) . However, the retroviral pseudo-protease genes S. B. Fleming and others and E3L were subsequently shown to contain motifs which are characteristic of deoxyuridine 5'-triphosphate nucleotide hydrolase (dUTPase), encoded by E. coli and the herpesvirus family (McGeoch, 1990) . In eukaryotic and prokaryotic cells, dUTPase reduces the intracellular concentration of dUTP by hydrolysis to dUMP, and as a consequence minimizes incorporation of dUTP into DNA, which may give rise to point mutations, or in the case of E. coli lead to recombination. The action of dUTPase also provides the cell with a supply of dUMP, which is converted to TMP by thymidylate synthetase. It has been suggested that some viruses encode a dUTPase to enhance infection in terminally differentiated and nondividing cells, which have low endogenous activity. Equine infectious anaemia virus from which the dUTPase gene has been deleted shows reduced replication in macrophages (Threadgill et al., 1993) , and dUTPase mutants of herpes simplex virus type 1 are attenuated for neurovirulence and neuroinvasiveness (Pyles et al., 1992) . If the OV gene encodes a functional dUTPase, it may play a similar role in the pathogenicity of OV, since OV only infects terminally differentiated epithelial cells (keratinocytes), in which the natural levels of dUTPase are likely to be low. A dUTPase gene may therefore have a role in increasing the total nucleotide pool available for viral DNA synthesis in these cells, although we have not attempted to demonstrate whether or not the product of E3L has dUTPase activity. G1L encodes a protein of 516 amino acids that contains eight tandemly arranged ankyrin-like repeat sequences (Sullivan et al., 1995) . Proteins containing ankyrin-like repeats are almost always involved in interactions with other proteins (Davis & Bennet, 1990; Lemarco et al., 1991 ; Thompson et al., 1991 ; Franzosos et al., 1992; Hatada et al., 1992; Wulczyn et al., 1992) and possibly with DNA . Functions in which proteins with ankyrin-like repeats are involved are diverse, and include cell differentiation, cell cycle control (Breeden & Nasmyth, 1987; Andrews & Herskowitz, 1989) , transcription and host immunity. Proteins encoding ankyrin-like repeat sequences have been reported in other poxviruses (Spehner et at., 1988; Howard et al., 1991; Massung et al., 1993 Massung et al., , 1994 . The functions of these poxvirus proteins are unknown, but it has been suggested that they may be involved in determining host range. An ankyrin-like gene is required for the growth of cowpox virus on Chinese hamster ovary cells (Spehner et al., 1988) , and vaccinia virus requires an ankyrin-like gene for growth on cultured human cells (Gillard et al., 1986 
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: : : : : : : : : : : : : : genes. There has been no work done to link it with a host-range function and no role for this gene has been suggested by homology comparisons with proteins that are of known function and contain ankyrin-like repeats. Molecular analysis of DNA from different strains of OV has revealed that the genome has distinctly conserved and variable regions . In general, the left end of the genome and the central region are relatively conserved with respect to the location of restriction sites, showing a sequence divergence of < 1%, whereas the right end shows greater variability, with a sequence divergence of 4-1%. These findings suggest that strains of OV circulating in the field will only tolerate minor perturbations in DNA sequence within a region which we have identified as non-essential, and further suggests that the genes encoded within this region are likely to be important in some aspect of pathogenesis.
In order to investigate possible changes in the pathogenicity of OV NZ2 as a result of the transpositiondeletion, we experimentally infected sheep with the virus. Eight animals were used in the experiment and each was inoculated by scarification on the wool-less area on the inside of the hind leg with a series of dilutions of either the wt or the variant, containing 10 6, 10 4 and 10 2 p.f.u.
The lesions were inspected and photographed daily, until such time as they had resolved. We found that the variant was infectious for sheep, but the size of the lesion produced was significantly reduced compared with that of the wt and resolved in a shorter time, 10-12 days for the variant compared with 1(~18 days for the wt. The most likely explanation for this reduction in virulence would seem to be related to the genes deleted in the variant, although the possibility that some other changes in the virus are responsible cannot be excluded. As discussed above, the dUTPase gene may well play a role in pathogenesis and its deletion would be expected to reduce the replication of the virus in vivo.
It was also noted that the characteristic erythematous response to OV around the site of infection was considerably reduced in the case of the variant compared with the wt. Virus-encoded factors which interfere with the inflammatory response have been described for other poxviruses (reviewed in Smith, 1993; Pickup, 1994) , and it is possible that OV encodes factors which interfere with this response also. The duplication of genes contained in the right terminal region of the variant could increase the amounts of specifically encoded proteins, some of which might interfere with the inflammatory response. If this is the explanation, the variant would be expected to grow better than the wt in vivo, but perhaps the advantage gained by the duplication of some genes may be reduced by the elimination of others. At present, we are sequencing the right end of OV NZ2 in order to identify genes which may interfere with the host defence mechanisms.
We are grateful for the excellent technical assistance of Ellena Whelan.
